The effect of C fraction (C/N) on stacking fault energy (SFE) of austenitic Fe-18Cr-10Mn steels with a fixed amount of C + N (0.6 wt pct) was investigated by means of neutron diffraction and transmission electron microscopy (TEM). The SFE were evaluated by the Rietveld whole-profile fitting combined with the doubleVoigt size-strain analysis for neutron diffraction profiles using neutron diffraction. The measured SFE showed distinguishable difference and were well correlated with the change in deformation microstructure. Threedimensional linear regression analyses yielded the relation reflecting the contribution of both C + N and C/ N: SFE (mJ/m 2 ) = -5.97 + 39.94(wt pct C + N) + 3.81(C/N). As C fraction increased, the strain-induced cfie martensitic transformation was suppressed, and deformation twinning became the primary mode of plastic deformation. In face-centered cubic (fcc) materials, stacking fault energy (SFE) has received a great deal of attention since their deformation modes are closely related to the change in SFE. [1] [2] [3] [4] [5] Owing to the recent advances in theoretical calculation [2, 3] and high-resolution experimental methodologies, [4, 5] the alloy design based on the SFE control has been attempted, and notable accomplishments have been made in austenitic steels such as twinning-induced plasticity (TWIP) steels [3] and transformation-induced plasticity (TRIP)-aided stainless steels. [5] Among several factors affecting SFE, the compositional dependence is an important matter of concern, and a systematic discussion on the topic is due to Schramm and Reed.
The effect of C fraction (C/N) on stacking fault energy (SFE) of austenitic Fe-18Cr-10Mn steels with a fixed amount of C + N (0.6 wt pct) was investigated by means of neutron diffraction and transmission electron microscopy (TEM). The SFE were evaluated by the Rietveld whole-profile fitting combined with the doubleVoigt size-strain analysis for neutron diffraction profiles using neutron diffraction. The measured SFE showed distinguishable difference and were well correlated with the change in deformation microstructure. Threedimensional linear regression analyses yielded the relation reflecting the contribution of both C + N and C/ N: SFE (mJ/m 2 ) = -5.97 + 39.94(wt pct C + N) + 3.81(C/N). As C fraction increased, the strain-induced cfie martensitic transformation was suppressed, and deformation twinning became the primary mode of plastic deformation. In face-centered cubic (fcc) materials, stacking fault energy (SFE) has received a great deal of attention since their deformation modes are closely related to the change in SFE. [1] [2] [3] [4] [5] Owing to the recent advances in theoretical calculation [2, 3] and high-resolution experimental methodologies, [4, 5] the alloy design based on the SFE control has been attempted, and notable accomplishments have been made in austenitic steels such as twinning-induced plasticity (TWIP) steels [3] and transformation-induced plasticity (TRIP)-aided stainless steels. [5] Among several factors affecting SFE, the compositional dependence is an important matter of concern, and a systematic discussion on the topic is due to Schramm and Reed. [1] They compiled the SFE values reported in the literature and proposed empirical equations reflecting the relative contributions of alloying elements. Although some quantitative descriptions on compositional correlations could be made referring to their equation, the measured SFE values even in the same alloy showed a disparity in some cases. Several questions have been raised associated with the methodology, linear correlations, and compositional range, [5] [6] [7] [8] and modified relations adjusted to specific alloy system were proposed. [6, 7] In particular, the high coefficient assigned to C in Schramm and Reed's equation required some comments in that the maximum C content used in their analyses was as small as 0.036 wt pct. Since C has rarely been used as a major alloying element in austenitic stainless steels due to its deleterious effects on corrosion resistance (the amount of alloyed C has usually been restricted to less than 0.1 wt pct), not much is known about the effect of C on SFE of austenitic stainless steels.
Our previous investigation [5] showed that the SFE of austenitic stainless steels measured by neutron diffraction showed almost linear dependence on C + N and was well correlated with deformation modes (straininduced martensitic transformation and deformation twinning). However, there has been ongoing question as to the role of C in comparison with N. In an effort to understand the relative role of C, the SFEs of the Fe-18Cr-10Mn alloys with a fixed amount of C + N but varying C fraction (C/N) were evaluated using neutron diffraction, and the relative change in deformation microstructure depending on C fraction was discussed.
To evaluate the effect of C on SFE in comparison with that of N, the alloys with almost the same amount of C + N (0.6 wt pct) but different C fraction were designed. Referring to our previous study on the same alloy system, [5] the alloy composition with critical SFE values (around 20 mJ/m 2 ) was selected for this investigation because a small change in SFE can lead to a distinguishable change in the deformation mode. Three types of austenitic Fe-18Cr-10Mn-(N or C + N) steels, whose chemical compositions are given in Table I , were fabricated utilizing a commercial vacuum-induction melting furnace (VIM 4 III-P; ALD, Hanau, Germany). Among them, the 0.61N alloy was manufactured under nitrogen gas pressure of 4 bar. After homogenization at 1523 K (1250°C) for 2 hours under argon atmosphere, the ingots were hot rolled into sheets of 4 mm in thickness, followed by air cooling. The specimens were solution annealed at 1423 K (1150°C) for 1 hour and then quenched into water.
The deformation microstructure of tensile-strained (true strains of 0.1, 0.2, 0.3, and 0.4) samples was characterized by means of neutron diffraction and transmission electron microscopy (TEM). The neutron diffraction experiments were performed using a highresolution powder diffractometer equipped with 32 detectors at HANARO, Korea Atomic Energy Research Institute. The neutron beam was monochromatized to wavelength of 1.8344Å , and the instrumental resolution of the diffractometer was of Dd/d @ 2.0 9 10 À3 . The data were collected at the intervals of 0.05 deg between 30 and 140 deg in the 2h range with sample rotation of about 30 rpm. Thin foils for scanning transmission electron microscopy (STEM) were taken out from the central part of the neutron-diffracted specimens and were prepared in a twin-jet electrolytic polishing apparatus using a solution containing 15 pct perchloric acid and 85 pct methanol. They were examined in a TEM (JEM 2100F, JEOL Ltd., Tokyo, Japan) at 200 kV. The procedure for line profile analysis adopted in this study consists of two independent schemes, (1) the Rietveld whole-profile fitting [9, 10] and (2) the doubleVoigt size-strain analysis. [11] In whole-profile fitting using modified Thomson-Cox-Hasting (TCH) pseudoVoigt functions, [9] the total 16 parameters including Gaussian (C G ) and Lorentzian (C L ) full width at half maximum were refined by the FULLPROF program. [10] In the double-Voigt approach, both size and strain components are assumed to be independent Voigt functions. The separation of size and strain parameters can be accomplished based on their different order dependence [11] for two orders of neutron diffraction peaks, (111) and (222). The detailed description on the analysis procedure is given in our previous paper. [5] After tensile deformation, all the diffraction peaks are not only shifted from their strain-free peak position (measured from solution-treated condition) but also broadened due to deformation faulting including stacking faults (SFs) and deformation twins. In addition, other reflections with relatively small intensities appear in the vicinity of c reflections, and their peak positions are consistently indexed to be e martensite with hexagonal close-packed structure. Figure 1 shows the neutron diffraction profiles of three alloys subjected to a true strain of 0.4, in which the important 2h range near ð111Þ c reflection is highlighted to reveal the occurrence of e martensite. The lattice parameter of e is measured to be a = 2.5484 and c = 4.1081 Å by Rietveld refinement on the neutron profiles.
As the C fraction decreases from 0.94 (0.30C0.32N) to 0.03 (0.61N), the intensities from e martensite become higher. Two peaks of e martensite around ð111Þ c reflection are identified as ð01 " 10Þ e (2h = 49.14 deg) and ð01 " 11Þ e (2h = 56.34 deg), respectively, which gives a clear evidence for the presence of e martensite. In addition, tail parts of the right-side ð111Þ c reflection can be regarded as a convolution of ð111Þ c and ð0002Þ e because the peak position (2h = 53.07 deg) of ð0002Þ e is located at right side of ð111Þ c , as indicated by the arrow. Close examination of the neutron profiles shows that the degree of asymmetry in ð111Þ c reflection becomes larger in 0.61N alloy with the lowest C fraction (C/N = 0.03).
Since the calculated volume fraction of e martensite in 0.61N alloy is less than 1 pct, those measured from the alloys with higher C fraction can be negligible.
The e formation in fcc c with low SFE was well established. [5, 12, 13] It is known that the e martensite is formed by either passage of Shockley partial dislocations on every other f111g c , or homogeneous one-half twinning shear on every f111g c on which shuffling of every other f111g c is superimposed. Although total C + N contents were almost fixed in the investigated alloys, the dissimilar response to cfie martensitic transformation on tensile deformation was observed. The strain-induced cfie martensitic transformation was confirmed in the alloy with C/N = 0.03 only after large amount of tensile stress was applied, and the increase in C fraction effectively suppressed the formation of e martensite. Under the stress/strain condition of uniaxial tension in this study, there was no experimental evidence in which the e was further transformed into a¢ martensite upon subsequent deformation. It is conceivable that the differences in SFE may play a role in different response to tensile deformation in some transient way, so the SFEs of the alloys are evaluated from Rietveld wholeprofile fitting and subsequent double-Voigt size-strain analysis. Figure 2 (a) shows a plot of mean-squared (MS) strain versus stacking fault probability (SFP) measured from tensile-strained specimens wherein different values of MS strain and SFP in each alloy correspond to the different amounts of tensile deformation. The individual values of both MS strain and SFP have positive relations with the degree of deformation, and the increasing tendency is more pronounced with increasing C/N. In addition, the increment in C/N results in decreasing the individual values of both SFP and MS strain, implying that the stability of c against plastic deformation increased with increasing C/N. The tendency associated with the change in SFP and MS strain can give a possible explanation for improved stability to cfie transformation. Since the SFE is an intrinsic material property, the ratio of MS strain to SFP should remain constant at given composition regardless of the accumulated strain. The SFE could be determined by slopes of Figure 2 (a) through a linear regression incorporating origin where SFP and MS strain of solutionannealed samples are assumed to be zero. The measured values of SFE are given in Table I . As the C/N increased from 0.03 to 0.94, the SFE increased from 19.3 to 22.5 mJ/m 2 . Within the accuracy and resolution insured by the current method, the measured SFE of the alloys showed a small but distinguishable difference according to the C/N. A three-dimensional linear regression analysis, into which our previous results on six Fe-18Cr-10Mn alloys were incorporated, was performed in a manner similar to Schramm and Reed.
[1] The regression analysis yields the relation: SFE (mJ/m 2 ) = -5.97 + 39.94(C+N) + 3.81(C/N) (in wt pct), which reflects a positive contribution of C fraction to SFE by a factor of 3.8. The correlation, plotted against the experimental data in Figure 2(b) , has a coefficient of determination, r 2~0 .97. Although the factor assigned to C fraction seems to be not so large, the difference in SFE meaningfully affects the deformation microstructure on the condition that SFE value lies around the critical value for transition of deformation mode. As noted in our previous paper, [5] the critical SFE for deformation twinning was estimated to be around 20 mJ/m 2 , above which plastic deformation was controlled primarily by the formation of deformation twin. Therefore, the occurrence of cfie martensitic transformation in 0.61N alloy, therefore, can be explained by relatively smaller value of SFE below 20 mJ/m 2 . The change in deformation microstructure was characterized by using TEM. At the initial stage of deformation, perfect dislocations were dissociated into partial dislocations and SFs formed between the dissociated partials. Further deformation caused the SF to be overlapped with each other. Deformation bands composed of SFs and planar dislocations formed on other shear systems, and they intersected with each other. Figure 3 shows an STEM bright-field (BF) image and selected-area diffraction (SAD) pattern with h110i orientation taken from the 0.32N0.30C specimen subjected to a true strain of 0.4. Pronounced deformation twinning is distinguished, and the crystallographic elements for this twinning are K 1 = f111g (primary twinning plane) and g 1 = 11 " 2 (primary twinning direction). Thus, the observed deformation twin has a crystallographic component of 111 f g 11 " 2 , which was in good agreement with previous results. [5, 14] On further Fig. 2 -(a) Plot of MS strain vs SFP for tensile-strained alloys wherein different values of MS strain and SFP in each alloy correspond to the different amounts of tensile strain, and (b) three-dimensional linear regression analysis, into which our previous results on six Fe-18Cr-10Mn alloys [5] were incorporated. deformation, there was no evidence for strain-induced formation of e or a¢ martensite. Figures 4(a) through (c) show STEM BF, dark-field (DF), images and corresponding SAD pattern taken from the 0.61N specimen subjected to a true strain of 0.4. The characteristic deformation bands consisting of many overlapping bands of thin plates are observed (from lower right side to upper left side direction in the figure). In the SAD pattern of Figure 4 (c), diffraction spots from c are spread into streaks and those from deformation band appear as well-defined intensity maxima. A closer examination on SAD pattern reveals that there are two types of intensity maxima: One is from deformation twin (indicated by dotted circles) and the other from e martensite (indicated by arrows). A DF image using 01 " 10 reflection shown in Figure 4(b) clearly identifies the formation of e martensite whose width is measured to be around 30 nm in average. Based on the analysis on SAD pattern, it is found that the e martensite is crystallographically related to c in accordance with Shoji-Nishiyama (S-N) orientation relationship (OR) [10] wherein both close-packed planes and directions are parallel: ½110 c k ½ " 2110 e and ð1 " 11Þ c k ð0001Þ e Although the strain-induced formation of e martensite is identified only after large tensile strain above e = 0.3, its occurrence is less common in comparison with deformation twin. In most cases, the deformation microstructure was characterized by a well-developed nanosized twin.
In a review by Reed and Schramm, [1] the C effect is estimated to increase SFE significantly in accordance with the following relation: SFE (mJ/m 2 ) = 4 + 1.8Ni-0.2Cr + 410C (in wt pct). Brofman and Ansell [6] performed a four-dimensional linear regression analysis including the alloys with higher C content up to 0.3 wt pct and proposed a modified relation: SFE (mJ/m 2 ) = 16.7 + 2.1Ni -0.9Cr + 26C (in wt pct). The coefficient of C in their equation was estimated to be much smaller, reflecting that an increment in 0.1 wt pct C would augment SFE by only 2.6 mJ/m 2 . Contrary to previous linear relation, Petrov [15] suggested a nonlinear relationship between SFE and C content. As concerned with the case in which both C and N were simultaneously used as alloying elements, Reed and Austin [8] reported that the addition of both elements to an Fe-20Cr-10Ni steels increased the c stability against the formation of strain-induced e martensite, and C was more effective than N in c stabilization following the relation of 3[C] + [N] . Although the measurement of SFE was not performed in their study, indirect evidence for increase in SFE, thereby leading to suppression of e formation, was also addressed.
The results in the current investigation support previous results [1, 6, 8] showing that the C addition increased SFE and its effect was larger than N. Threedimensional linear regression analyses yielded the relation: SFE (mJ/m 2 ) = -5.97 + 39.94(wt pct C + N) + 3.81(C/N), and it can be applied to N content up to 0.7 wt pct. The strain-induced formation of e martensite and twin was observed in the alloy with C/N = 0.03, whereas the deformation twin was the primary mode of deformation in the alloy with higher C fraction. Therefore, the change in deformation microstructure according to SFE was observed, which could be explained by larger increasing tendency of SFE via substitution of C for N. Thus, it can be concluded that there is a strong correlation among relative C fraction, SFE, and corresponding deformation microstructure. Compared with N, the relative increase in SFE by C addition, therefore, is larger, which is confirmed by the suppression of e martensite in the alloy with higher C fraction. Due to a lack of experimental data, however, further works on the effect of C on SFE in austenitic stainless steels need to be carried out for the alloys with wider range of carbon content. Systematic discussions on the relative contribution of C and N on properties of austenitic stainless steels were given by Gavriljuk et al. [16] Based on the ab initio calculation and experimental results using conduction electron spin resonance, they showed that the simultaneous addition of C and N increased the density of electron states at the Fermi level, leading to an enhanced metallic character of interatomic bonds, compared with N only or C only case. The excellent combination of mechanical properties and corrosion resistance in C + N added alloys could be obtained through the control of relative amount of carbon (C/N). The important role of C fraction on deformation behavior of austenitic stainless steels is also confirmed in the current investigation. In addition to C + N effects in our previous study, [5] the C fraction can also be regarded as another important factor controlling SFE and related deformation behavior. Along with the explanation, our recent investigation [17] revealed that the increment in C fraction enhanced the resistance of pitting corrosion of the same alloy system. Therefore, in the light of our findings, it can be concluded that C fraction is another important parameter in addition to C + N.
The effect of C fraction (C/N) on SFE of austenitic Fe18Cr-10Mn steels with a fixed amount of C + N (0.6 wt pct) was investigated by means of neutron diffraction and TEM. The measured SFE showed a small but distinguishable difference according to C fraction: As the C fraction increased from 0.03 to 0.94, the SFE increased from 19.3 to 22.5 mJ/m 2 . The three-dimensional linear regression analysis yields the relation reflecting the contribution of both C + N and C/N: SFE (mJ/ m 2 ) = -5.97 + 39.94(C + N in wt pct) + 3.81(C/N). The strain-induced cfie martensitic transformation was observed in lower C/N alloy, but the increase in C/N effectively suppressed the formation of e martensite.
